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Abstract — In this paper we present a significant
reduction in size of a micromachined Coriolis mass
flow sensor without sacrificing resolution or range.
The sensor has a flow range from 10 mg/h up to
more than 1000 mg/h, which is equivalent to 10 ul/h
to 1 ml/h water. The reduction is achieved by using a
more localized magnetic field for the actuation of the
sensor.
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I – Introduction
Coriolis mass flow sensors are capable of measuring
large flow rates, but their resolution is limited due to
the extremely small Coriolis forces. The sensor we
presented in [1, 2] has a very thin tube wall of only 1 µm
made using the surface channel technology presented
in [3]. This significantly improved the resolution com-
pared to earlier devices[4, 5]. However, bulky external
magnets were required for actuation of the tube. In
order to decrease the sensor’s footprint and to allow
easier integration into other systems we show that these
magnets can be replaced by miniature magnets without
sacrificing the resolution of the sensor.
II – Coriolis Mass Flow Sensor
A. Coriolis mass flow sensing
A Coriolis flow sensor consists of a vibrating tube.
A fluid that flows through the tube results in a small
Coriolis force which can be detected. Figure 1 shows
a schematic drawing of a Coriolis sensor based on a
rectangular tube shape. The tube is actuated in a tor-
sional mode, indicated by ~ωam, by Lorentz force. The
mass flow ~Φm through the tube results in a Coriolis
force ~FC given by equation (1). The Coriolis force
induces an out-of-plane mode (swing mode) with an
amplitude proportional to the mass flow. The amplitude
of the swing mode can be detected capacitively using
the method presented in [2].
~FC =−2Lx(~ωam×~Φm) (1)
Figure 2 shows a photo of the old design with large
magnets next to the chip. A schematic representation of
the sensor structure is shown in Figure 3. The fluid inlets
are shown to the left on the chip. The square Coriolis
tube is shown in the middle and the fluid outlets are
Figure 1: Schematic of a Coriolis flow sensor
shown at the right. The miniature permanent magnets
with a volume of only 1 mm3 are placed right outside
the Coriolis tube. For comparison, the position of the
large magnets that were previously used is shown. The
electrodes at the bottom are used for the actuation of the
tube and provide a high-frequency carrier signal for the
capacitive readout. The electrodes at the top are used for
the capacitive readout signals.
Figure 2: Photo of the chip mounted on a PCB with the large
permanent magnets mounted next to it.
Figure 3: Structure of the micro Coriolis Mass Flow Sensor
B. Lorentz actuation
The sensor tube is actuated by Lorentz forces acting
on the two tube segments with length Ly. The Lorentz
force on each of these segments is given by equation (2).
In this equation ~FL is the Lorentz force, ~ia is a vector
representing the AC-signal through the wire, ~B is the
magnetic field vector and Ly is the length of the part of
the wire that aligns with the y axis. The magnetic field is
caused by two permanent magnets. Previously, this were
large magnets next to the chip. These have been replaced
by miniature magnets on the chip right next to the tube.
~FL(t) = Ly(~ia(t)×~B) (2)
By applying an AC-signal through a wire on top of the
tube, the tube will vibrate in the torsional mode. The
amplitude of the vibration is directly proportional to the
actuation current and the magnitude of the magnetic
field.
III – Fabrication process
The Coriolis sensor consists of a silicon nitride micro
channel that is freely-suspended over an etched cavity in
the silicon substrate. A brief summary of the fabrication
process outlined in Figure 4 is given below. A more
detailed description can be found in [6].
Figure 4: Outline of the fabrication process to make the micro
Coriolis mass flow sensor. Left column: cross-section along
the length of the tube. Right Column: cross-section perpendic-
ular to the sensor tube.
Starting with a highly doped <100> p++ wafer, a
500 nm thick low stress LPCVD silicon-rich silicon
nitride (SixNy) layer is deposited. Then the fluid in-
let/outlet holes are etched from the backside of the wafer
using the SixNy layer at the top side as etch stop (Figure
4a). Next, a 1 µm thick TEOS (tetraethyl orthosilicate)
oxide layer is deposited and removed from the front side
of the wafer. Then a 50 nm layer of chromium is sput-
tered on the front side of the substrate. This chromium
layer is patterned using a mask containing arrays of
5× 2 µm holes, spaced 3 µm apart. This pattern forms
the centerline of the final channel. The pattern is then
transferred into the nitride layer by reactive ion etching
and subsequently the channels are etched in the silicon
using isotropic plasma etching (Figure 4b). The TEOS
layer and chromium mask are then removed and another
SixNy layer is grown with a thickness of 1.8 µm to form
the channel walls and seals the etch holes in the first
nitride layer (Figure 4c). A 10 nm layer of chromium
and 200 nm layer of gold are sputtered (chromium
serving as the adhesion layer for gold) and patterned
to create the metal electrodes for actuation and readout
(Figure 4d). Next, the release windows are opened by
reactive ion etching of the SixNy layer (Figure 4e) and
the structure is released by isotropic etching of silicon
(Figure 4f)).
Figure 5 shows a SEM photo of a realized Corio-
lis mass flow sensor. A chip with the new miniature
magnets of 1 mm3 is shown in Figure 6. The chip is
mounted on the same PCB that was also used for the
large magnets.
Figure 5: SEM photo of the realized Coriolis mass flow sensor.
Figure 6: Photo of the chip mounted on the same PCB with
the miniature permanent magnets mounted on the chip. The
shown chip has combined a Coriolis Mass Flow Sensor and a
Thermal Flow Sensor on one chip which is presented in [7].
IV – Simulation and measurements
There are several differences with respect to the mag-
netic fields between the large and miniature magnets.
First, the distance between the magnets and the tube is
different. Due to the size, the large magnets had to be
placed next to the chip at a distance of 8 mm from the
tube. The miniature magnets can be placed on the chip
right next to the tube at a distance of less then 1 mm. The
second major difference is the uniformity of the field.
The large magnets have a larger magnetized area which
results in a field between them that is nearly uniform
over the complete chip. The miniature magnets have a
more localized field which will be less uniform over the
complete length of Ly.
Four different methods have been used to compare
the performance of the Coriolis mass flow sensor with
miniature magnets and with the large magnets. The
magnetic field is simulated using Comsol Multiphysics.
The magnetic field of the separate magnets is measured
using a Gaussmeter. Third, the quality of actuation
is measured by comparing the amplitude of the tube
vibration at the same AC actuation signal and last, the
performance of the sensors are tested by measuring a
volume flow of water of 1 µl/h up to 1 ml/h.
A. Simulations
Using Comsol Multiphysics 3.5a, models are made
containing the permanent magnets and the gold wire
on top of the tube. Separate models are made for the
large magnets and the miniature magnets. Figures 7 and
8 show the simulated magnetic field of both models.
An image of the mask of the chip is semi-transparently
shown on top of the figures as a reference for the
size and location of the magnets. As specified by the
manufacturer of the real magnets (Supermagnete.de),
the magnetization of the magnets was set to the same
value. The x-component of the magnetic flux density
is integrated over Ly to find the total magnetic field
strength that can be used for Lorentz actuation. The
simulation results show that the field caused by the large
magnets is 1.93 times larger than the field caused by the
miniature magnets.
Figure 7: Simulation result showing the magnetic field of the
miniature magnets
B. Magnetic field measurements
Using a LakeShore 455 DSP Gaussmeter, the magnetic
field of several of the large and miniature magnets is
measured. The magnetic field on the chip is caused by
two magnets. So to find the total field at the part of
Figure 8: Simulation result showing the magnetic field of the
large magnets
the tube denoted with Ly in Figure 1, the field from
the magnet closest to it has to be added to the field of
the magnet on the other side of the tube. The width of
the tube is 4 mm, which means that the magnet furthest
away is 4 mm further away then the closest magnet.
For the large magnets, this means a distance of 8 mm
and of 12 mm. For the miniature magnets, this means a
distance of 1 mm and 5 mm. At 8 mm, the field of the
large magnets is between 25 mT and 28 mT. At 12 mm,
this is 11 mT to 13 mT. At 1mm the field of the miniature
magnets is 18 mT to 22 mT, at 5 mm, the field is reduced
to 0.5 mT to 1 mT. Together, this gives a ratio between
the fields of 1.57 to 2.22. The field measured at 0 mm
from the magnets is 470 mT to 480 mT for the large
magnets and 50 mT to 55 mT for the miniature magnets.
A second way to measure the magnetic field is by
measuring the amplitude of the vibration of the tube.
The amplitude is proportional to the Lorentz force
acting on the tube, which in turn is proportional to the
magnetic field. To estimate the Lorentz force acting
on the tube, the tube is brought into resonance by an
AC-signal through the wire over the tube. To compare
the performance of the different magnets, the amplitude
of the current through the wire is kept constant. The
amplitude of the vibration of the tube is then directly
proportional to the magnetic field strength. Using this
method it was found that the magnetic field of the large
magnets is a factor 1.56 to 1.82 larger than that of the
miniature magnets.
C. Mass flow measurements
To compare the quality of the mass flow measurement
using the different magnets, the setup shown in Figure
9 is used. A syringe pump is used to apply a constant
volume flow of demineralized, degassed water which is
measured using the Coriolis sensor. The measurement is
been repeated for different volume flows between 1 µl/h
and 1 ml/h. Figure 10 shows the measurement results.
The results of the measurements that were done using
large magnets are shown with squares while the mea-
surement results of the miniature magnets are shown
with circles. The black line shows the applied flow.
Figure 9: Measurement setup for the mass flow measurements.
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Figure 10: Mass flow measurements using a volume flow of
1 µl/h up to 1 ml/h of water.
V – Summary and Discussion
To investigate the influence of the different magnets,
the magnetic field is simulated using Comsol Multi-
physics and measured in two different ways. Further-
more, the sensors are used for mass flow measurements.
Using the actuation current as a measure for the
magnetic field at the tube, a ratio between the large and
miniature magnets of 1.56 to 1.83 was found. The simu-
lations in Comsol show a ratio between field strength of
1.93. Using a Gaussmeter, the magnetic field due to the
large magnets right at the end of the magnet was found
to be 9 times larger than that of the miniature magnets.
However, because they are much further away from the
tube, the difference at the tube is much lower: a ratio
between the magnetic field at the tubes between 1.57 and
2.22. Both the Comsol simulations as the current mea-
surements give results within this range. The variation
can be caused by the difference between magnetization
of individual magnets.
The electronics that control the sensor adjust the
actuation current in such a way that the amplitude of the
vibration reaches a certain magnitude. As a result, the
mass flow measurements show comparable results for
both types of magnets.
VI – Conclusion
To minimize the size of a micro Coriolis mass flow
sensor and the effect of the Lorentz actuation outside
the chip, the magnets used for Lorentz actuation have
been replaced by miniature magnets. These magnets
can, because of their size, be placed right next to the
tube instead of next to the chip. As a result, the required
area of the chip, including the magnets, is reduced by
a factor 3. The influence of the miniature magnets is
investigated using simulations and measurements. The
simulations and measurements gave matching results
and even though the magnetic field available for Lorentz
actuation has decreased, the performance of the mass
flow sensor did not deteriorate. The magnetic field just
outside the required sensor area due to the magnets
has been reduced to less then 1 mT compared to over
400 mT with the large magnets.
The presented miniaturization has been achieved by
using the same chip design for both types of magnets.
Further miniaturization can be achieved by making an
optimized chip design to accommodate the miniature
magnets, for instance inside the rectangular loop of
the sensor tube. The PCB used to mount the chip and
magnets can also be significantly reduced in size now
that the space required for the large magnets is no
longer needed.
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